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Abstract 
 
The origin of a vortex structure generated during the shock-plasma interaction is 
investigated. A two-dimensional model based on the shock refraction mechanism 
successfully unifies the vortex generation with major co-processes typical for the 
interaction and thus well fits in their cause-and-consequence relationship. Numerical 
simulations demonstrated the possibility of an intense vortex generation with a 
continuous positive dynamics as the shock crosses the interface. It was shown that 
while the vorticity is triggered by the shock refraction on the interface, it is the gas 
parameter distribution that distinctively determines the parameters of the vortex 
evolution. The proposed model also provides an insight into interesting aspects of the 
refraction effects for both, the shock wave and the flow behind it (double refraction). 
The results are applicable to the problems of energy deposition in a hypersonic flow, a 
flame-shock interaction, in combustion, in astrophysics, and in the fusion research. 
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I.  INTRODUCTION 
 
It is well known that a shock wave interaction with plasma results in significant changes in 
the shock wave structure and the plasma flow. Such phenomena are particularly observed in the 
shock–flame interactions [1], in the front separation regions control experiments [2], in 
combustion [3,4], and in the electric discharge [5], RF- [6], or laser-induced [7,8] energy 
deposition experiments. Dynamic instability and turbulence in impulsively loaded flows is also of 
considerable interest in astrophysics plasmas [9] and fusion research [10,11]. 
The complex nature and a number of co-processes often involved in this type of the 
interaction can be seen from the images of the initially simply structured planar, bow, or oblique 
shock evolving into a complicated system of distorted and secondary shocks with flow separation 
regions and formation of vortices [12]. Among the most remarkable changes are: the shock wave 
acceleration and its strong front distortion  increasing with time followed with remarkable 
weakening of the shock until it appears less and less identifiable [12-15]; motion of the shock 
away from the body in the presence of heating [16]; substantial changes in the gas/plasma 
parameter distribution behind the shock, particularly sharp reduction of pressure [17]; remarkable, 
up to 40% reduction in the wave drag experienced by a body when the plasma is created upstream 
[18,19]; the time-delays in the effects on the flow relative to the discharge on-off times and a finite 
pressure rise time [7]; and a vortex system formation in the flow behind the shock often followed 
with strong distortion or collapse of the plasma region [4,7].  
For many experimental conditions, the thermal heating creating the plasma region can be 
the main cause affecting the changes in the shock structure and the flow parameters. The causes for 
the changes discussed in the current literature were the Mach number decrease, possibility of mean 
molecular weight and number density due to molecular dissociation and ionization, significant 
pressure drop attributed to the generation of vortex formed during the interaction of the thermal 
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spot with the body shock [20], generation of a shock wave by a discharge and formation of a 
heated channel behind the energy source that interacts and diverts the body shock [17]; formation 
of the flow separation region [17]; and formation  of a subsonic tube of a finite size with the 
supersonic flow outside of the tube and the shocks forming away from the heating zone [16].  
A possible non-thermal nature of the interaction has been discussed for flows involving 
atomic and molecular transitions, gas kinetics, electrical properties of plasmas, and non-
equilibrium states as a result of fast evolving processes such as radiation or fast expansion. Among 
them are: appearance of charged particles leading to upstream momentum transfer in the 
hypersonic flow [17]; the possibility of deflection of the incoming flow by plasma in front of the 
shock via electronic momentum transfer collisions [17]; and the release of heat into the shock layer 
by the exothermic reactions increasing the shock layer temperature and thus reducing the pressure 
and the density behind the shock wave [21].  The relationship between the shock wave refraction 
and all the changes in the shock structure and the flow has been discussed in [21,22]. It was shown 
that a relative curvature between the shock front surface and the interface, along with a steep 
density gradient across the interface, can be responsible for the chain of subsequent 
transformations in the flow, such as typical deformations of the front seen as the odd shapes of the 
deflection signals, the shock wave weakening/extinction in the plasma area, possibility of its 
restoration at the exit, and changes in the gas pressure and density in front of the body leading to 
the wave drag reduction [22]. 
A vortex system in the form of intense toroidal vortex rings developing in the plasma 
region is often observed simultaneously with all the processes accompanying the shock-plasma 
interaction [2,7]. Those complex phenomena became very important because of their presence in a 
class of problems involving the shock waves propagation through hot gas or plasma. The 
instability induced by the shock wave passage through a flame is one of the basic phenomena 
applicable to the supersonic combustion. Shock-flame interaction provides a means for the 
transition to turbulent flame in combustion systems, allowing for the increased chemical reaction 
rates. A vortex generated by a passage of the shock leading to transition into a turbulent flame is 
known to result in a dramatic increase of the burning velocity [23,24]. The effect of the strength of 
the shocks passing through the flame zone on the total burning velocity increase was studied 
computationally in a supersonic combustion problem involving multiple flow deformations [24]. 
The authors noted the possibility of the effects of flame distortion and reflecting shock waves on 
the total circulation in the flow, the shock strength influence on the vortex generation and flame 
distortion, and a possible relation between the local burning velocity of the distorted flame and the 
laminar burning velocity.  
A vortex-related turbulence that could enhance local combustion rates was studied in 
[25,26]. The gas-dynamic distortions were found having obvious implications in chemically 
reacting systems. The initial experiments showed that accelerated reaction rates are linked to local 
vorticity and reactivity of the initial mixtures. For reactive mixtures, such as acetylene-air, the 
increases in the combustion rates are found to be due to vorticity “burned-out” in the toroidal 
mixture and re-establishing a more spherical flame bubble. In lower reactivity mixtures, such as 
methane-air, the macroscopical toroid form can be retained and an attempt to quantify the 
combustion rate enhancement in terms of the local increase in vorticity was made. An increase in 
chemical reaction rates and an important relationship between burning velocity and 
vorticity/turbulence have been also confirmed in the studies [27,28]. 
Among the mechanisms that can be responsible for the vortex production determined by 
conditions on an interface is the baroclinic effect that is due to non-alignment of pressure and 
density gradients in the plasma region. Sharp density gradients and the presence of ambient 
pressure/shock waves, along with a typical geometry (planar shock/pressure wave and cylindrical 
laminar flame fronts) make the baroclinic effect one of those often used mechanisms for the vortex 
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production. The general vorticity equation for a compressible, viscous flow with variable fluid 
properties can be written using the total time derivative operator D/Dt: 
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where ω is the vorticity, u is the flow velocity, ρ and p are the local density and pressure, Re is the 
Reynolds number, and ϑ  is the viscous stress tensor. The first term on the right hand side of the 
equation is due to vortices stretching/tilting, second is the bulk dilatation, the third is the baroclinic 
term, fourth is the viscous term, and F is the sum of external forces. As seen from the equation, the 
baroclinic vorticity is the only source term responsible for triggering the vorticity in the flow. In 
the experimental studies of the vorticity induced in the axisymmetric flow by laser driven optical 
breakdown in quiescent gas [7], the shock incoming on the plasma sphere in the upward direction 
yields an effective negative pressure gradient in the y-direction, and the baroclinic term 
2)( ρρω pdtd ∇×∇=  has an effective negative component in the left half and positive in the right 
half of the sphere.  This positive and negative vorticity was observed near the leading and trailing 
edges of the plasma with the magnitude of vortex observed to decrease in time as it spreads out 
further from the core of the plasma.  
The effect of baroclinity in the spherical/cylindrical geometry of the flame front was also 
studied in [1] where the vorticity field rapidly distorted the laminar flame front and the induced 
vorticity eventually lead to the turbulent break up of a laminar flame. Similar interaction of a flat 
shock wave with a cylindrical flame/hot region was studied in [29,30].  A relationship between the 
magnitude of the total circulation due to the baroclinic effect dApdtd
A
])[( 2∫ ∇×∇=Γ ρρ  and the 
flow parameters were obtained for chemically nonreactive flows, with stoichiometric H2/air 
mixture intended for possible fuel for supersonic combustion, and ( )baMcURU ρρ1111 ln)1(2 −=Γ  
, where R and ρb are radius and bubble/flame density, ρ1 is the density of the pre-shock mixture, U1 
is the flow velocity, and M is incident Mach number. Neglecting the boundary distortion and 
assuming homogeneous density distribution in the flame, the effect of shock strength on the flow 
was studied. It was found that for three different shock Mach numbers between 1.05 and 1.5, an 
increase of the shock strength greatly accelerates the flame distortion and the onset of the break-up 
into two separate vortices due to a significant intrusion of cold gas into the flame. In this case both, 
the total burning velocity and the length of the flame front increase dramatically with the shock 
Mach number.  
The vortex structure formation as a result of shock-plasma interaction is also commonly 
attributed to Rithchmer-Meshkov instability (RMI) that occurs when two fluids of different density 
are accelerated by a passage of a shock wave. The development of instability begins with small 
amplitude perturbations of the plasma interface which initially grow linearly with time [8]. The 
acceleration of both gasses by the shock wave causes grows of initial periodic perturbations, which 
begin to increase in amplitude. This is followed by a nonlinear regime with bubbles appearing in 
the case of light fluid penetrating a heavy fluid, and with spikes appearing in the case of a heavy 
fluid moving into the light one. Finally, the vortex sheet rolls up and accumulates into periodic 
vortex cores in the post-shock flow. In experiments [7] the vortex generation in the plasma-shock 
interaction is thought to be a result of Richmeyer-Meshkov instability and turbulent mixing that 
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was induced by baroclinically driven flow motion at later times of the interaction. Atwood and 
shock Mach numbers, as well as the laser energy-ambient pressure ratio, were found as primary 
control parameters. In the experiments, higher ambient pressure resulted in more small-scale 
perturbations, with the cause of this pressure effect not fully understood.  
The two common mechanisms described above were used to successfully explain vortex 
formations in many experiments. At the same time, the full picture of the shock-plasma interaction 
tends to be more complicated, with a number of co-processes accompanying the vortex 
development [29-31]. Such a vortex system formation during a blunt body shock wave-plasma 
interaction has been studied in the experiment [29]. After a laser pulse was irradiated, the laser 
heated gas expanded through optical breakdown forming a close to spherical low density region 
upstream of the bow shock. Due to convection, the region collided with the bow shock with its 
shape transformed during their interaction. When plasma completely transmitted the bow shock 
wave, at about 92 µs, vortex ring of a donut shape was formed, and its size grew downstream, up 
to the model diameter size. Within the same times and simultaneously with the vortex formation, 
stagnation pressure significantly dropped to its minimum levels. The shock-thermal spot 
interaction causing a “lensing” of a blunt body shock simultaneously with a vortex pair that finally 
impinged on the blunt body surface was also observed in [32]. Upon passage of the vortex pair, a 
greatly distorted shock wave formed and propagated upstream.  
The stagnation pressure drop in front of the body and decrease in the drag, in addition to 
the vorticity, is typically registered, as, for instance, in experiment [9]. In the study of the drag 
reduction effect of the blunt body by a single pulse energy deposition, the inviscid flow 
computation was performed for the interaction between spherical thermal spot and a bow shock 
generated in a supersonic flow field around a blunt body [33]. It was found that there was a strong 
relationship between vortex generated via unsteady hydrodynamic phenomena and drag reduction, 
and the amount of reduced energy considerably exceeded the deposited energy. The drag was 
reduced more when vortex structure was larger and these two phenomena were observed within 
the same time interval. Similarly strong correlation between vortex and reduced energy was 
observed in [33] where the vortex energy was proportional to the radius of the low density region 
and the free stream Mach number.   
In experiments with a flame-shock interaction [30], a vortex system was also observed, and 
the flame distortion and the appearance of a secondary shock wave greatly affected the total 
circulation. After a shock wave passage through a flame, the flame was distorted and the shock 
was no longer planar, with a set of weak secondary shock waves being present behind the incident 
shock.  The peak vorticity was located at the top and bottom of the cylindrical flame, and the 
vortexes were symmetrically rotating in opposite directions.  The circulation changed its direction 
when the shock exited the flame bubble and a reflected shock occurred. The total circulation in the 
experiments was found less than expected due to flame distortion and the secondary shock waves.  
 The above observations show that the vortex production is not an isolated phenomenon. It 
is accompanied by a number of co-processes simultaneously present in the flow volume such as 
shock wave acceleration, its distortion and subsequent weakening, and secondary shock structures. 
This can hardly be explained with the baroclinicity or RMI, suggesting that they may be not the 
only causes of the vortex generation. Changes in the flow volume and remarkable dynamics in the 
vortex strength as the shock propagates well beyond the interface, suggest that there should be 
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other, probably volume mechanisms of the vortex production continuously supplying it with the 
energy necessary for a positive dynamics.  
 Due to the coexistence of the vortex generation with other features of the shock-plasma 
interaction, a single mechanism relating the vortex generation to all those co-processes is thought. 
An attempt to connect a number of processes accompanying the shock–plasma interaction with the 
wave drag reduction has been already made [22].  
 In the present paper, a further attempt to relate those processes to the simultaneous vortex 
structure generation in the flow past the gas-plasma interface will be presented. It will be shown 
that the shock wave refraction on the interface can be the sole mechanism responsible for a vortex 
structure generation in the form of a toroidal vortex ring or two symmetrical vortex tubes rotating 
in opposite direction. The developed model based on this hypothesis will show both, the possibility 
for the shock refraction to trigger a vortex structure, and to unite the vortex generation with other 
co-processes accompanying the shock-plasma interaction. To separate the action of the “interface” 
and the “volume” factors, the model was developed using the same interface for three different 
types of the plasma parameter distribution. In this way, any significant difference in the results can 
be attributed to the volume, and any common features to the interface effects. 
 
 
II. THE MODEL OF VORTEX GENERATION 
 
 
The model described here is designed to adequately describe the formation of a vortex 
structure following the shock wave passage through a gas-plasma interface and its further 
propagation through the plasma volume. It will be based on the assumption that all the changes in 
the shock structure and the flow are due to the shock wave refraction on the interface with plasma 
having a specified density distribution in its volume. The model will also show that the vortex 
system formation is in direct connection with other co-processes accompanying the shock-plasma 
interaction.  
Because the discharge types used in the experiments typically produce a thermal spot of 
almost spherical shape [15,34,35], the derivations are done for a spherical geometry and the shock 
wave will be approximated also as spherical. The problem is considered in the vertical plane of 
symmetry so the relations are also valid for cylindrical geometry. It is assumed that the plasma 
cloud has been created in a discharge that is distant from the shock wave and it is moving with the 
flow toward the shock. When the cloud arrives at the shock location, the interaction between them 
occurs. It starts when the shock front first touches the plasma cloud boundary, and this is the 
moment when the time t in the relations starts to be counted.  
As shown in the Fig. 1, a spherical interface separates a hot plasma inside the cloud 
(medium 2) and a surrounding cold gas (medium 1). Both media are treated as ideal gasses with 
initially equal pressures on both sides of the interface. The temperature of the cold gas T1 is 
assumed to be distributed homogeneously. T2 is the hot plasma temperature right behind the 
interface that, in general, varies with distance from the interface following a definite law of 
parameter distribution. The temperature T2 is higher than T1, and its change across the interface can 
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be abrupt (step–wise) or smooth [35]. The radius of the plasma boundary (orange curve in the 
figure) is denoted as Rb and the radius of the incident shock front (black) is Rs.  
In the reference frame stationary for the cloud, the spherical shock wave is incident on the 
spherical interface from left to right, center to center, with constant velocity V1, as shown in the 
Fig. 1. After the interaction on the interface, a refracted shock wave (green curve) accelerates in 
the plasma medium to the velocity V2(x) that can be constant or dependent on time, depending on 
the plasma parameter distribution in the cloud [14].  For simplicity, the fact that the plasma sphere 
is continuously expanding will be neglected here and thus considered of a fixed diameter. 
 
 
Fig.1. Shock wave-plasma cloud interaction diagram in the vertical plane of symmetry. As the 
initially spherical shock progresses through the spherical interface (from left to right), its front 
shape gradually deforms (green curve) as a result of the interaction. Because of the symmetry, 
only the upper half of the diagram is shown. 
 
Consequently, these studies are applicable to a relatively slow developing gas/plasma cloud, or at 
later times of the cloud evolution when the expansion slows down and the system had enough time 
to achieve a thermal equilibrium state. This could be the case when thermal energy is deposited far 
from the body, the situation often reported by experimenters. 
When a shock wave crosses an interface, its velocity vector changes its magnitude and 
direction (shock wave refraction) [35]. The turn of the shock velocity vector at an angle γi varies 
with the location of the point of interaction i. Thus, even though the shock started its motion 
horizontally, after its refraction on the interface its velocity acquires a location dependent y-
component. Then the upstream flow (behind the shock front) will also acquire two velocity 
components vx and vy that can result in non-zero vorticity 
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To determine the velocity components vx and vy, a transition from a laboratory reference 
frame used in previous calculations [35] to the frame moving with the shock can be made. In this 
reference frame, the velocity V2 becomes the up-stream flow velocity and a known relation for the 
velocity of the flow behind a normal shock wave vn can be used 
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where ac is speed of sound. While the normal to the front component of the up-stream velocity vn 
undergoes changes across the front in accordance with the relation (3), its tangential component 
will be continuous, tt Vv 2
rr
=
 (Fig. 2).  
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Fig. 2. The refracted shock wave (orange curve) and up-stream flow velocities vectors diagram at the 
time when the shock propagates through the plasma cloud. Initially spherical front has been modified 
(stretched), as shown in the figure (the orange curve). Angles γ, φ, and g are the refraction, tangential to 
the front surface, and the up-stream flow rotation angles correspondingly. 
 
 
Using the geometry depicted in Fig. 2, the expressions for x- and y-component of the flow velocity 
behind the shock can be determined as  
ϕγφϕ
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Here, φ is the angle between the tangential line to the shock front at a point i and the x-direction 
(the local front inclination angle), and γ is the refraction angle [36].  
It follows from the equations that there is a turn for the flow velocity relative to its initial 
propagation direction at the angle 
( )
xy vvg
1tan −=                                     (5) 
which occurs after the initial turn of the shock velocity vector (Fig. 2). Thus, in addition to the 
rotation of the shock velocity vector at an angle γ that happens on the interface (refraction), the 
second rotation at the angle g, now for the flow behind the shock, happens in the plasma volume. 
This second turn occurs across the shock front and is measured relative to the x-direction. Then 
the shock wave and the flow behind it will diverge at a relative angle ξ (double refraction):  
( ) γξ −= − xy vv1tan                                 (6)  
The phenomenon of double refraction, or two consecutive changes in the direction of hypersonic 
flow motion – first for the shock velocity relative to the incident flow direction happening on the 
interface, and then for the flow behind the shock - relative to the refracted shock velocity 
direction happening across the shock front, results in a rotational motion in the flow and gives rise 
to a non-zero circulation in the plasma volume.  
To track possible space and temporal variations of the vorticity in the flow as the shock 
progresses through the plasma sphere, it can be calculated at specific locations along the shock 
front surface, at different interaction times. The shock front distortion during the shock-plasma 
interaction has already been studied in [22]. Then the vorticity produced at a specific point i , at a 
location of the shock front, can be calculated as  
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where Xi and Yi are the front coordinates and the angles γi and φi correspond to the same 
interaction point i.  For the same “sphere-to-sphere” geometry considered in [22], the equations 
can be set for an interaction time t = nRb/V1 ,   0 < n < 2,  scaled with a characteristic time τ = 
Rb/V1   
              
( )( )
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where the distances ∆x and xb (Fig.1) are determined as 
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The shock wave velocity and the refraction angle are determined by the problem geometry and 
heating intensity (across the interface) and account for the shock reflections off the interface 
through the ratio of Mach numbers in the two media [21]: 
( ) ( ) αα 221212212 sincos +⋅⋅= nn MMTTVV                        (10) 
                                 ( )( )ααγ tantan 21121 ⋅⋅−= − nn MMTT         (11) 
Here, (xi ,yi) and (Xi , Yi) are coordinates of the incident and refracted shock front surface at a 
point of interaction i, and α is the incidence angle at this point (Fig.1). It will be further assumed 
in the calculations that the interface is “smooth”, the case when the refraction effects become 
more pronounced [37].  The media on both sides of the interface are considered as ideal gases 
with initially equal pressures across the interface. 
At the second stage of the interaction, when the refracted shock wave starts to propagate 
off the interface through the plasma volume, the effect is dependent on the density distribution in 
the cloud [15,22,35] and will be considered separately for each type of the distribution. Even 
though the changes in the shock front shape start to appear during this period of time, they are still 
the consequences of the interaction at both stages, on the interface and in volume. To connect both 
stages of the interaction, the shock/flow parameters in the equations are tailored at the moment of 
crossing the interface, the same way as it was done in [22]. 
 
 
III. NUMERICAL RESULTS AND DISCUSSION 
 
 
The purpose of work in this section is to numerically verify if the shock wave refraction on 
the interface and further shock’s interaction with plasma volume can produce a significant 
vorticity, of the size and the intensity level reported in the experiments. To split two factors of 
influence, the interface and the volume effects, the problem geometry, incident shock intensity, 
and the heating strength (T2/ T1) will be kept fixed and the plasma density gradient will vary. The 
model will be run using three density distribution types covering common ways of the energy 
deposition/plasma creation. For drawing more general conclusions and broader comparison with 
experiments the geometry and the shock/plasma parameters will be kept the same as for results 
obtained in [22]. 
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III. A. The distribution of plasma parameters is homogeneous 
  
Assuming the homogeneous gas parameter distribution on both sides of the “smooth” 
interface, the system of equations (8-11) can be employed to determine the flow velocity appearing 
in the equations (3-4). To recast it in a dimensionless form, the coordinates can be scaled with the 
radius Rb, the shock velocity with V1, gas temperature with T1, Mach number with M1, and time - 
with the characteristic time 1VRb=τ . Then the system (8-11) transforms into 
( )( )
( ))(sin
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where ),)(cos(,cos1 χβα −=∆−= bsb RRxx  and αα 22 sincos +⋅= MTV  , n = t/τ. The 
vorticity can be scaled with the ratio V1/R resulting in its dimensionless equivalent ( )bRV1ωω = . 
 Numerical results for the vorticity versus the coordinate Yi (7) presented in Fig. 3 were 
generated for M1 = 1.9, T1 = 293 K, T1/T2 = 0.10, Rs = Rb = 0.3 cm, and the adiabatic index k = 1.4 
(air). Due to the symmetry, only the upper half of the picture is shown in the graph. Thus the 
results on the graph correspond to a vortex sheet with rotations in both halves of the picture in 
opposite directions (in cylindrical geometry) or a toroidal vortex ring if considered in the spherical 
geometry. The curves correspond to a set of propagation times starting at n = 0.18 (the most left 
curve) through 0.42, through the equal time intervals ∆n = 0.03, and the last curve corresponds to n 
= 0.44 for better resolution on the graph.  
 
 
 
 Fig.3. The vorticity ω vs vertical coordinate Yi zoomed into a smaller region of the coordinate near the 
symmetry axis. The curves are obtained for different propagation times starting at n = 0.18 through  n = 
0.42, with ∆n = 0.03 increments, and the last curve corresponds to n = 0.44. The time sequence is from 
lower curve to upper.  
 
As seen from the figure, the spike in the vorticity intensity is observed in the close 
proximity to the symmetry axis, exactly where the abrupt change in the shock front structure 
occurs (Fig. 4a). This change in the front surface shape determined with the front inclination 
angle φ (Fig. 4 b) is the key factor pointing at the origin of the vorticity. The vortex intensity non-
linearly increases with time (Fig. 3) revealing the possibility of a strong positive dynamics in its 
development.  
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(a)                                                              (b) 
 
Fig. 4. (a) Shock front transformation as the consequence of its refraction on the interface, for the same 
parameters as in Fig.3. A part of the shock front outside of the plasma sphere remains spherical (not shown 
in the picture) while the inside part undergoes strong deformation. The time sequence is from left curve to 
right. (b) The shock front inclination angles φ vs Yi corresponding to the curves in the graph (a). The time 
sequence is from upper curve to lower. 
 
Thus two key parameters are identifiable. The first one is the gradient of the angle φ distribution 
along the coordinate Y quickly increasing with time (Fig.4 b). The second parameter, location of 
the gradient maximum, exhibits a shift toward the symmetry axis (small Y’s) with time, the same 
trend as for vorticity. Thus the vorticity starts at an intermediate location in plasma cloud where 
there is a sharp distortion in the shock front, and then moves with time toward the symmetry axis, 
with its sharply increasing size and intensity.  
 
               
                                           (a)                                                            (b)      
Fig. 5. (a) The angle “g” determining the up-stream flow velocity direction, plotted vs the coordinate Yi , 
for the same parameters as in Figs.3,4. The time sequence is from upper curve to lower. (b) The angle “ξ ” 
demonstrating the divergence in the motion directions between the shock wave and the flow behind it. The 
time sequence is from lower curve to upper. 
 
An interesting effect of the upstream flow velocity vector rotation at the angle g defined in 
(5) is presented in the Fig. 5. As seen from the graph (a), the sharp increase in the rotation is 
happening at the same locations where the sharp changes in the shock front inclination angle φ 
occur (Fig. 4). This means that the vorticity develops due to significant flow rotation that occurs at 
the locations where there is a sharp distortion on the front.  
The divergence angle γξ −= g  (Fig. 5b) displays the same pattern in its distribution and 
dynamics as the vorticity, with the intensity spikes that occur at the locations of the most intense 
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distortions on the front (Fig. 3a). As seen in the figure, the amount of rotation is considerably 
higher, up to tens of degrees. It rises very sharply near the symmetry axis and develops at a short 
time scale (of a fraction of the characteristic time τ).  
As shown in [22], for this type of the distribution and problem parameters, the pressure in the 
flow behind the shock significantly drops and the wave drag is reduced proportionally. It is 
important that these changes are happening simultaneously with the vorticity development and are 
consequences of the same deformations on the front due to the shock refraction. This result 
identifies the same origin of the vorticity generation and a number of main co-processes observed 
during the shock-plasma interaction. 
The remarkably strong volume effect found in the uniform plasma suggests the possibility 
of a non-zero gradient in the plasma density distribution to influence its strength. In the following 
two paragraphs, the vorticity generation in plasma with two types of non-uniform parameter 
distribution (exponential and power law) will be explored.  
  
III. B.  The exponential density distribution case 
 
 
In the case of a non-uniform parameter distribution, the shock wave velocity becomes time 
dependent and the system of equations (8), (10), and (12) must be substantially modified 
depending on the type of the distribution [15,37].  Shock refraction effects on the interface are 
shown to be quite specific if the exponential plasma density profile is present [15]. Such a density 
distribution in a plasma can be established during the exothermal expansion and is often observed 
in large-area plasma sources created with internal low-inductance antenna units [6], detonation [3], 
or the ultra-intense laser-induced breakdown in a gas [38].  In the derivations below, the plasma 
density in the thermal spot is assumed to be exponentially decreasing in the longitudinal direction 
(along x-axis) to the right off the interface, starting from a finite value ρ00 at the leftmost point of 
the plasma cloud. It is also supposed that the density does not change in the transverse direction. 
The interface separates the surrounding gas with the homogeneous distribution of the 
parameters 11 ,Tρ  and the plasma with the gas density distribution )/exp()( 0002 zxx −= ρρ and the 
temperature 2T (x). The coordinate x is counted from the leftmost point on the cloud boundary and 
z0 is the distribution characteristic length. The initially spherical shock front is incident on the 
spherical/cylindrical interface with the horizontal constant speed V1, from left to right, center to 
center, and after the refraction continues to propagate in the non-uniform medium. This problem 
for the refracted shock parameters has been already solved in [22] using 2D model and the time 
dependent system of equations for the front’s surface coordinates can be borrowed from there: 
( ) ( )
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where the time tλ is found from the solution of the following equation: 
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The shock velocity components can be found as 
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The parameters σ and ε in (13-15) are related to the effective explosion energy E in the thermal 
spot as ( ) ,/ 5/100ρξσ E= 20 )/( σε zK= , 00ρ  is the density on the right side of the interface, and 
075.1=ξ  and K = 0.185 are the numerical parameters borrowed from Ref. [39].  
The numerical results shown in the Figs. 6-8 were produced for a relatively slow change in 
the distribution with z0 = 2.25 cm, for Rb = Rs = 0.1 cm, M1 = 1.9, T1 = 293 K, 0.10/ 001 =ρρ . The 
gas at both sides of the interface is assumed to be ideal with the adiabatic constant k = 1.4, and the 
interface is taken as smooth [35]. The parameters α = 7 and β = 402.79 used in the simulation 
correspond to the specific explosion energy 31011.70700 ⋅=E/с J m
3/kg. The dynamics of the shock 
front and vorticity development has been studied at several interaction times, between n = 0.05 and 
0.40 through the equal time intervals of ∆n = 0.05, and the last two times correspond to n = 0.43 
and 0.45.  The part of the shock front that is outside of the plasma cloud keeps the same spherical 
shape during all the interaction time (not shown in the picture).  
 
              
(a)                                                                              (b)                              
Fig. 6. (a) Distorted shock fronts during propagation through plasma with the exponential density 
distribution, for interaction times in the interval n = 0.05-0.40 with ∆n = 0.05 increments, and for n equal 
to 0.43 and 0.45 for the two last curves. The curve sequence is from left to right. (b) The front surface 
inclination angle φ vs vertical coordinate Yi/R corresponding to the curves in the graph (a). The curve 
sequence is from upper to lower. 
 
The specific consequence of the exponential density distribution in this problem shows up 
in the distinct shape of the shock front (Fig.6). Initially it appears curved close to the spherical 
(first few curves) and later it transforms into practically perfect cone that keeps its shape during all 
the time of the shock’s motion through plasma (several last curves). Compared to the previous case 
of homogeneous distribution, in this case there are practically no areas on the shock front where its 
shape would change enough sharply, except a very narrow region in the close proximity to the 
symmetry axis. Therefore, the vorticity does not develop in most of the plasma volume except in 
the narrow region corresponding to the very tips of the fronts that still have sharp changes in their 
shapes, as shown in Fig.7.  
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Fig. 7. The vorticity generated in plasma with the exponential density distribution, for the same 
parameters as in Fig. 6. Note that due to a small size of the structure, the Y-coordinate was scaled 
with the factor of 102 and thus the picture is greatly zoomed in the narrow region next to the 
symmetry axis. The curve sequence is from lower to upper.  
 
If scaled with the factor V1 /Rs, the vorticity turns out to be about two orders of magnitude less 
intense compared to the levels found in the uniform density distribution case.  Considerably lower 
vortex intensity and a very small size of the structure found here can probably explain why 
sometimes the vortex system “does not develop” in experiments even though noticeable changes in 
the shock structure and plasma parameters are still present: it can simply be of non-observable size 
and intensity or a particular plasma parameter distribution does not allow sharp modifications in 
the front shape so no vorticity is generated. 
Regardless of the smaller size of the effect, the main features of the vortex generation and 
their relationship with the co-processes in the flow are still preserved for this density distribution. 
Results for the up-stream flow rotation measured with the angle g and its distribution presented in 
Fig. 8 are in a very good agreement with the vortex system size and its origin location shown in the 
Figs.6 and 7. As seen in the graphs, the flow rotation develops very sharply but in the same narrow 
area next to the symmetry axis where the maximum of vorticity is observed (Fig. 7).  
 
   
(a)                                                                          (b) 
Fig. 8. (a) The up-stream flow rotation angle g vs the vertical coordinate Yi/R for the case of 
exponential density distribution law, for the same parameters as in Fig. 7. (b) The flow divergence 
angle ξ vs Yi /R. The curves sequence on both graphs is from lower to upper. 
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The flow divergence angle ξ is shown in the Fig. 8b and represents the amount of up-stream flow 
rotation relative to this for the shock velocity vector. Remarkably, the maximum vorticity intensity 
locations in Figs. 6, 7 are still the same as for the flow rotation angles in the Fig. 8a.  
Similar to the uniform case, the pressure in the flow behind the shock and the wave drag 
also drop [22], confirming its direct connection to the vorticity.  
Thus the results of this section represent more evidence that the shock wave refraction can 
trigger changes in the flow resulting in a vortex structure development. The results also show that 
the plasma parameter distribution may determine the intensity, the origin location, and the size of 
the developing vortex ring. For the exponential density distribution and the problem geometry, the 
vortex system originates at the tip of the almost conical shock front. As the front distortion spreads 
further from the tip, the system develops into a larger structure that involves more and more matter 
into the rotation. The vortex intensity also increases with time at all locations in the structure and 
the vortex centers defined by a maximum intensity tend to shift toward each other. It follows from 
the results that, in general, a vortex structure in an arbitrary plasma environment may not necessary 
originate exactly at the front tip. Sharp enough distortion at any location on the front is the 
condition necessary for the vortex formation. Its positive dynamics requires continuing and 
increasing distortion of this portion of the front with time. It follows from the results that the size 
of the sharply distorted shock surface area determines the size of the generated vortex structure.  
 
 
III. C.  Power-law density distribution case 
 
When the density is decreasing according to the power law, the result of the shock-plasma 
interaction is the subject to distinctive effects [22]. When a planar shock wave propagates through 
a gas with the density that drops to zero over a distance a, according to a power law Nx≈ρ  , the 
so- called energy cumulation effect takes place [40-42]. In the gas-dynamical approximation, a 
strong planar shock wave propagating in such a medium accelerates very quickly accumulating 
virtually infinite   energy. Such a density distribution can be established in the heated spherical 
shells in thermodynamic equilibrium in the presence of radiative heat conduction.  
Propagation of a shock through plasma with such a density distribution in the sphere-to-
sphere geometry has been studied in [22] and the derivations given below will be done for the 
same problem geometry and parameters used in the paper. The density is assumed as changing in 
the longitudinal direction only starting from the leftmost point on the interface. Then the 
coordinates of the shock front in plasma at a point of interaction i  
              ( ) ( )ibibiiii Raattb
G
aX αcos1,02 −−=−−=                                (16) 
                       ))((sin)( 122 biii xxnRVVyY +−−= γ  
and the shock front velocity components can be determined as 
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Here a and ai are the distances to the zero density plane, counted in the direction along the 
symmetry axis and
 
from the boundary at a particular point i correspondingly. The time t0i is the 
local time of a point i trajectory to the zero density plane, the constant b = 0.59 was determined in 
[40], and the constant N = 3.25 is taken from [42]. The interaction time t is counted from the 
moment when the shock and the interface first meet each other.  
 This system of equations (16-19), together with the equations (2-10) have been used to 
simulate the data for the vorticity generation. Figs. 9-10 illustrate the front shapes and the 
dynamics of the vorticity development at several times of interaction, starting at n = 0.025 through 
the equal time intervals ∆n = 0.025. The data was generated for the case of Rs = Rb = 0.1 cm, M1 = 
1.9, T1/T2 = 0.10, the distance a = 3.0Rb, and the interface was taken as smooth.  Note that the 
interaction times used for  
        
(a)                                                                      (b) 
Fig. 9. (a) The shock front distortion for the case of power law density distribution, for the 
interaction times n = 0.025-0.250 with 0.025 increments. (b) The front inclination angle φ vs the 
coordinate Yi/R. The curve sequence is from upper to lower.  
 
 
this case are twice as short compared to the two previous cases due to considerably higher shock 
velocities.  
The most remarkable consequence of the power-law distribution is seen in more shock 
front dilatation per unit of time (Fig. 9a) resulting in stronger front distortion over its entire 
surface. At the same time, the front inclination angle φ distribution is softer (Fig. 9b). These 
gentler front deformations result in a vorticity that is developing slower (Fig. 10) but still, its 
intensity steadily grows with time at all locations on the front. The maxima of vorticity (centers) 
also shift toward each other as the shock advances through the volume, following the same trend 
for the sharpest bending on the front to move closer to the axis. Regardless of more stretched 
fronts overall, the maximum vorticity intensity stays approximately on the same level as in the 
uniform case for the same propagation times, and this corresponds to being approximately the 
same as the most intense front distortions near the axis. As to the total vorticity intensity integrated 
over the whole plasma volume, it becomes considerably higher if to account for the contribution 
from the regions located further from the axis, compared to other cases of density distribution. 
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Thus this density distribution results in a larger vortex structure with more evenly distributed 
intensity in its volume. 
 
 
 
Fig. 10. The vorticity ω vs the coordinate Yi/R for the case of a power law parameter distribution, for the 
same interaction times as in the previous figure. The curve sequence is from lower to upper.  
 
 
The distribution of the flow rotation angle g versus Yi is shown in the Fig. 11. Compared to 
the uniform and exponential distribution cases, the up-stream flow velocity rotation is rather 
moderate here. At the same time, the curve’s maximums are located further from the symmetry 
axis thus confirming a larger size of the vortex structure. The dynamics in the curve behavior point 
at the increase of the vortex ring size though its centers slowly move toward each other, with their 
intensity gradually increasing. Compared to two previous cases of density distribution, in general 
stronger 
 
      
(a)                                                                    (b) 
Fig.11. (a) The flow velocity rotation angle g vs the coordinate Yi/R, for the same parameters 
as in the previous figure. (b) The divergence angle ξ vs Yi/R.  The curve sequence is from 
lower to upper. 
 
and more evenly distributed front deformations result in strong vorticity that is distributed over a 
considerably larger volume (Fig. 10). Thus the overall size of this vortex system is larger and the 
structure contains a considerably larger volume of plasma matter involved in the rotational motion. 
It originates further from the symmetry axis, approximately at the one-quarter of the sphere radius, 
and then its two maximum points slowly move toward each other but never come as close as in the 
previous case.  
 17 
 
Another distinct feature common for the power-law distribution is associated with the 
specific motion of the shock through such a medium that makes the shock stop at the plane of the 
zero density [40,42]. Thus, while the shock can develop virtually infinite speed, the process of the 
vortex development has a finite lifetime. Similar to the uniform and exponential density 
distribution cases, the pressure in the flow behind the shock and the wave drag drop again [22], so 
the relationship between the vorticity and these processes is still present. 
The results found here are close to those observed in many experiments, for example [8, 12] 
where vortices of similar size, rotational direction, and topology were generated. The non-linear 
dynamics in the vorticity development closely matches the observations and evolves in the same 
sequence and within the same time frames with other co-processes involved in the interaction.  
 
 
IV. CONCLUSION       
 
 
The results presented above showed that the shock wave refraction on an interface alone can 
trigger a vorticity development in the plasma volume. The key condition for a significant vortex 
generation is a sharp deformation of the refracted shock front followed with the up-stream flow 
velocity vector rotation by the angle g that gives rise to a significant rotational component of the 
flow. For the vortex size to be observable, the deformation should span a considerable portion of 
the shock front, and a high enough sharpness in the front deformation will ensure significant 
vortex intensity. The results found here confirm many experimental observations matching the 
vortex topology and dynamics in its development that occur within the same time frames. The 
most important finding is that the proposed model explains the relationship and sequence between 
the generated vorticity and other processes accompanying the shock-plasma interaction. 
Simultaneous with the vortex generation, the pressure drop in the flow behind the shock and the 
following wave drag reduction in all three cases, point to the common origin and the correlation to 
vorticity. 
It was found that while the conditions on the interface are necessary to generate vorticity, the 
density distribution affects the front distortion sharpness and the size of the affected area on the 
front and thus is responsible for such vortex parameters as its size, overall and maximum intensity, 
the intensity distribution over its volume, location of the vortex centers, and the motion of its 
centers relative to each other. The remarkably nonlinear vortex intensity growth with time found in 
this investigation may conceptually distinguish this mechanism from the RMI where the instability 
is known to initially grow with time linearly. At the same time, substantial positive dynamics in its 
development can separate this mechanism from baroclinicity for which the vortex intensity tends 
to decrease with time [7]. 
The vortex system with the highest intensity and of a remarkable size was produced in the 
plasma with the homogeneous and power law density distributions. In the latter case, the 
distribution of the vortex intensity was found to be less sharp compared to the case of 
homogeneous distribution. Overall, plasma with the power law density distribution produced larger 
but softer distortions on the front that resulted in a larger size of the vortex ring, softer distributions 
in the vortex parameters, and steady but slower dynamics in its development.  
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Vortex rings with remarkably distinct features were produced in the plasma with the 
exponential density distribution. In this case, the shock fronts developed into almost perfect cones 
with the surface having sharp distortions only in a very narrow area at the tip of the cone. This 
resulted in vorticity intensity almost two orders of magnitude lower and much smaller plasma 
volume affected by the rotational motion. Remarkably, the vortex parameter distributions and its 
dynamics were very similar to those for the two other cases of density distribution.  
The cause-and-consequence relationship between the vortex formation and other co-process 
accompanying the shock-plasma interaction follows from the model assumptions. They can be 
viewed as a number of consecutive inter-related processes that occur in the following timely order. 
The shock refraction occurs at the moment of crossing the interface and results in the shock front 
distortion continuously changing with time; the distortion degree is determined by both, the 
conditions on the interface, and by the plasma parameter distribution; the overall distortion of the 
front appears as the front stretching with the degree of its distortion greatly varying along the front; 
this results in the redistribution of the plasma parameters behind the front; the gas pressure drop in 
the up-stream flow is proportional to the shock front stretching and is associated with the gradual 
weakening of the shock; significant drag reduction may be observed as a consequence of this [22]; 
if the front distortion is sharp enough, at least locally, it gives rise to a considerable up-stream flow 
rotation at the angle g (double refraction) and the amount of rotation varies from point to point on 
the front; the specific distribution of this rotation in the flow results in a vortex system in the form 
of a toroidal ring that can grow with time if the front distortion continues to increase. The 
sharpness of the front distortion and the size of the front portion spanned by the distortion 
determine the vortex’s size, its intensity, and dynamics. Thus during all the transformations, a part 
of the shock energy will be converted into the vortex energy that can be spent later on admixing 
the surrounding gas into the plasma flow. 
It follows from this study that the pressure redistribution in the flow behind the shock front 
resulting in its significant drop can be the cause for the vorticity development rather than its 
consequence, as it sometimes thought in interpretations of experimental results. In fact, the vortex 
development can rather cause the pressure increase because of admixing of surrounding gas into 
the area with reduced pressure (suction effect) thus quenching the pressure lowering effect. If 
pressure lowering is thought, as for example in the drag reduction experiments, the vortex 
generation can be considered as a parasitic effect. In this case, the parameters of the shock-plasma 
interaction must be chosen in such a way that the shock front would be stretched considerably and 
as possible evenly, without sharp bendings causing the vorticity. As shown in this study, the 
spherical geometry and the exponential type of the plasma parameter distribution would be the best 
fit for this purpose. Contrarily, for combustion applications where vorticity is beneficial for better 
mixing in the flow, sharp distortions spanning a larger portion of the shock front are necessary and 
the uniform and the power law density distributions could be more desirable in this case.   
The factors influencing the vorticity generation and its dynamics identified in this work can 
be used to control those processes in a number of applications. For example in combustion, the 
burning speed is controlled by introducing turbulence in the flow [3,4]. A supersonic combustion 
in a scramjet may also benefit from vorticity in the flow as the fuel-oxidants interface is enhanced 
by the breakup of the fuel into finer droplets. In studies of deflagration to detonation transition 
(DDT) processes show that introduction of vorticity can result in detonation. The findings of this 
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work then suggest introducing small perturbations, for example, of the interface surface shape that 
will cause sharp distortions on the shock front via the refraction effect. This will result in the 
system of vortices and subsequent turbulence necessary for better mixing and increase in burning 
velocity.  
In other cases though, the vorticity development must be avoid, as for example in 
magnetized target fusion experiments where, during the implosion of an inertial confinement 
fusion target, the hot shell materials surrounding the cold D-T fuel layer is shock accelerated [10]. 
Mixing of the shell material and fuel is not desired in this case and efforts should be made to 
minimize any tiny imperfections or irregularities on the front. Considering a sharp type of the 
interface can also be helpful since the refraction effect is up to 40% weaker in this case [35]. 
Elimination of vorticity in other areas of study could possibly result in reduced sonic boom, wave 
drag, surface temperature, and increased stability of otherwise unstable vehicle design [5].  
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